We investigated the chain length dependence of the thermodiffusion behavior of oligosaccharides by the infrared thermal diffusion forced Rayleigh scattering (IR-TDFRS) 
Introduction
The consequence of applying a temperature gradient to an initially homogeneous mixture is a mass separation of its constituents. This mass separation depends on the thermal diffusion properties: (a) the thermal diffusion coefficient (D T ) which attempts to separate its components, and (b) the mass diffusion coefficient (D) which aims to homogenize the concentration of the mixture. In equilibrium, both contributions compensate each other, resulting in a zero net flux. In binary mixtures, the Soret coefficient (S T = D T /D) represents the mass separation under the applied temperature gradient. The measure of the mass separation (Soret effect) will depend on the tendency of a component to either go to cold or to warm regions (thermal diffusion) and the velocity of the components to balance their concentration (mass diffusion). We use the convention that in a binary mixture of A and B, the value of S T for A, the first named component, is positive if A moves to the cold side.
This implies that the S T of B is negative, because B migrates to the warm side. The same holds for
A physical interpretation of the molecular transport phenomenon of thermal diffusion or thermodiffusion cannot yet be provided. Although it was first described more than 150 years ago, it is still one of the unresolved challenges in the field of physical chemistry.
In a recent study 2 the thermal diffusion phenomena in aqueous solutions of monosaccharides have been investigated. As in the case of branched alkanes, 3 these systems allow a systematic variation of the molecule shape, while the molecular weight is identical. It turned out that for a given temperature and concentration, the mass diffusion coefficient was the same for all studied monosaccharides. The thermal diffusion and Soret coefficients were positive in the investigated temperature and concentration range, which means that the sugar molecules move to cold region, while water molecules enrich on the warm side. At low sugar concentration the thermal diffusion coefficient depends linearly on the ratio between the thermal expansion and kinematic viscosity of the mixtures. The same correlation had been found earlier by Blanco et al. 4 for equimolar mixtures of normal alkanes. In this work we extend our previous study 2 to oligosaccharides in water in order to investigate the influence of the molecular length on the thermal diffusion properties, as has been done in alkane binary mixtures [4] [5] [6] [7] [8] and polymer solutions. [9] [10] [11] [12] Oligosaccharides are biomolecules of crucial interest in biology, as they are present in many fundamental processes including immune defence, fertilisation, viral replication, parasite infection, cell growth, cell-cell adhesion, degradation of blood clots, and inflammation. 13 Oligosaccharides consist of a small number of sugar monomers (monosaccharides). Due to the many different monosaccharide combinations, their number of units and linkage between them, there is a large variety of oligosaccharides. As a consequence of the huge diversity of oligosaccharides, they are considered to be well-suited for storage of information. For example, they fulfil the task of cell recognition. In nature, they are found in the external cover of the cell membrane, linked to protein and lipid molecules, forming glycoproteins and glycolipids. Their function is to provide the cell with an identity signal, so the different cell types can recognize each other by the oligosaccharides present on the outside of their membranes.
The infrared thermal diffusion forced Rayleigh scattering (IR-TDFRS) technique 14 has been used to determine the mass diffusion, thermal diffusion and Soret coefficients of six oligosaccharides in aqueous solutions. Specifically, three disaccharides: sucrose, maltose and cellobiose; two trisaccharides: melezitose and raffinose; and a tetrasaccharide: stachyose. The main objective od this work is to study the effect of the sugar molecule's length in the thermal diffusion properties.
Additionally, the influence of the mass concentration of the sugar and temperature in the thermal diffusion, mass diffusion and Soret coefficients is shown. As in the previous study, 2 we discuss the physical principles which correlate the thermal diffusion behavior with other thermophysical properties such as viscosity and thermal expansion.
Experimental section Infrared Thermal Diffusion Forced Rayleigh Scattering
A detailed description of the thermal diffusion forced Rayleigh scattering technique can be found in the literature. 1, [15] [16] [17] [18] [19] We have used the infrared thermal diffusion forced Rayleigh scattering (IR-TDFRS) setup, 14 which slightly differs from the classical setup. The main difference is that no dye is needed for aqueous mixtures to convert the light energy into heat energy, due to the absorption of water at the wavelength of the infrared laser beam (λ w =980 nm). Summarizing what is explained in more detail elsewhere, the infrared laser beam is split into two beams of equal intensity. Thes beams interfere in the sample cell, creating an intensity grating which is transformed into a temperature grating and then into a concentration grating due to the thermal diffusion. Both temperature and concentration gratings lead to a combined refractive index grating which is read out under the Bragg angle by a He-Ne laser (λ w =633 nm).
The total intensity ζ het (t) normalized to the thermal signal is given by
where c is the mass concentration, (∂ n/∂ c) p,T and (∂ n/∂ T ) p,c are, respectively, the contrast factors of the refractive index increment as a function of the mass concentration at constant pressure and temperature, and the refractive index increment as a function of the temperature at constant pressure and mass concentration. The magnitude of the grating vector, q , is given by
where θ is the angle between the two writing beams at the wavelength λ w . The transport coefficients are determined by fitting Eq. A full description of this setup is described elsewhere. 21 In all cases, a linear dependence of the refractive index with mass concentration or temperature was found.
The studied mixtures are listed in Table 1 and Table 2 , together with α, ρ, η and the contrast Table 3 and Table 4 . In general the deviation of the results for the thermal diffusion properties is within a few percent. Only a few mixtures present high deviations in the diffusion coefficient at a temperature near the Soret sign change, for instance, maltose or sucrose at 20 • C. This can be explained by the small amplitude of the concentration plateau in the obtained heterodyne signal. In Figure polystyrene. 12 Additionally, the theoretical approach by Würger predicts the opposite chain length dependence. 10 In this model it is assumed that all "atoms" interact through van der Waals forces, and specific interactions present in polar mixtures are not considered.
Results and Discussion
If we consider the magnitude of D T , the behavior of 1-methylnaphthalene-alkane mixtures 7 and oligosaccharides-water solutions at higher temperatures look similar, because in both cases the magnitude of D T decreases with increasing molar mass (c.f. Figure 2 ). On the other hand, in alkane-alkane mixtures [5] [6] [7] [8] 23 the magnitude of D T becomes smaller with decreasing mass difference, which is the same trend as for the oligosaccharides in water at lower temperatures (15 • C, cf Table 4 ). This is not the case for alkanes in 1-methylnaphthalene because the magnitude of D T decreases monotonically and does not show a minimum for decane, which has almost the same mass as 1-methylnaphthalene. In the case of the oligosaccharides at higher temperatures, a larger mass difference between the oligosaccharide and water leads to a smaller magnitude of D T , which is opposite to the trend of the alkane/alkane mixtures.
At high temperatures the oligosaccharide-water systems behave "normally" in the sense that the heavier component enriches in the cold side, but with an increase of the molar mass or decrease of the temperature the thermophility of the sugars becomes more pronounced. Previously, Sugaya et al. 24 observed that the polysaccharide dextran accumulates at the warm side for temperatures below 45 • C. This shows that in the case of aqueous solutions the contribution due to specific interactions can be more important than the mass difference, especially at low temperatures, where the hydrogen bonds play an important role. Figure 2) . At lower temperatures D also decreases with the number of monomers (cf. Table 3 and Table 4 ). A similar tendency has been found in hydrocarbon binary mixtures. 8 This observation fits with the general physical picture that small molecules diffuse faster than big ones. Sugars with the same number of monomers have roughly the same mass diffusion coefficient as observed for aqueous solutions of monosaccharides. 2 The Soret coefficient at 50 • C is almost independent of the number of monomers of the sugar molecule, as can be seen in Figure 2 . The average value is 3.35x10 −3 K −1 with a standard deviation of ±0.23x10 −3 K −1 , which corresponds to 7% and is within the uncertainty of the measurement.
At lower temperatures, the Soret coefficient becomes more negative with increasing number of monomers (cf. Table 3 and Table 4 ). As an example, in Figure 3 we have plotted the Soret coefficient as function of the number of monomers at 15 • C. In a recent study of polystyrene particle suspensions in a TRIS-HCl buffer, a similar trend has been found, where the slope of S T versus the particle radius changes as function of the temperature. 25 In aqueous solutions of monosaccharides we found, for low concentrated sugar solutions, a linear dependence of the thermal diffusion coefficient as a function of the ratio between the thermal expansion coefficient and the kinematic viscosity α/ν. 2 In order to check the validity for aqueous oligosaccharide solutions, the viscosity and thermal expansion of all studied mixtures have been determined. A similar trend to the case of monosaccharides 2 and equimolar alkane mixtures 4 can be observed in Figure 4 . At lower temperatures, D T of cellobiose deviates from the linear behavior. To our knowledge, there are no systematic studies on physical properties of all investigated sugars, so we can only speculate about the reasons for this behavior. Compared with the other sugars the rings of cellobiose are almost coplanar. 26 This structural difference and the internal hy- Thermal diffusion properties of sucrose-water solutions.
Influence of the temperature and sugar concentration
The disaccharide sucrose was selected in order to analyze the temperature and concentration dependence of the thermal diffusion properties. The same analysis had been performed with the monosaccharide, glucose. 2 The values of the thermal diffusion properties are tabulated in Table 3 . Figure 5 shows an increase of S T , D T and D with increasing temperature for all sugar concentrations. The same behavior has recently been found for aqueous solutions of the monosaccharide glucose 2 and for the polysaccharide pullulan. 29 A similar trend of the Soret coefficient with temperature has been found in protein and polypeptide solutions [30] [31] [32] [33] and in aqueous solution of the polysaccharide dextran. 29 Piazza and coworkers suggested describing the temperature dependence of S T by the following empirical equation 30
where S ∞ T represents a high-T thermophobic limit, T inv is the temperature where S T changes sign, and T 0 represents the strength of temperature effects. with increasing concentration. The negative Soret coefficients at low temperatures are probably related to bad solvent conditions. This has already been observed earlier for polyvinyl alcohol in water and polyethylenoxide in ethanol/water mixtures with a high ethanol content. 34, 35 In our case, the higher sugar content is close to the solubility limit so that a more negative S T can be expected.
In contrast to many other aqueous mixtures the concentration at which the sign change occurs is not independent of the temperature. 36 Concerning the thermal diffusion coefficient, one can observe that D T increases with increasing temperature. A similar trend has been also found in many systems, for instance, in aqueous suspensions of polystyrene spheres for different sizes of particles, 25 in water and in water/ethanol solutions of polyethylene oxide, 37 and in aqueous solutions of dextran. 24 At low temperatures (T=15-20 • C) D T is practically independent of the mass concentration, while the differences become higher when increasing both the temperature and the sugar concentration. In other words, the higher the sugar concentration, the less pronounced is the increase of D T with temperature (cf. Figure 5 ), and at the same time, the higher the temperature the more pronounced is the decrease of D T with the sugar concentration (cf. Figure 6 ).
There is a linear increase in the mass diffusion coefficient with temperature, the gradient of which decreases with increasing sugar concentration. At 20 • C the error bars of the diffusion coefficient are considerably bigger compared to other temperatures. The reason is that measurements are close to sign changes. Therefore, the determination of the time constant, τ, becomes more difficult because in the heterodyne signal the gap between the thermal plateau and concentration plateau is small. This is also the reason for the large uncertainties in the transport properties of maltose in water at 20 • C (cf. Table 4 ).
The thermal diffusion, mass diffusion and Soret coefficients are plotted as function of the sucrose weight fraction in Figure 6 . D T shows a linear dependence on the sugar concentration, the slope of which varies as function of temperature. The slope is roughly zero at low temperatures, which means that in this case D T is independent of the sugar content, and the slope increases for higher temperatures. The mass diffusion coefficient of sucrose decreases with increasing the sugar content, as in the case of glucose. 2 The extrapolation of our data to diluted solutions agrees with the results of Mogi et al., 38 who measured the mass diffusion coefficient of diluted sucrose solutions at different temperatures. For instance, at 15 • C, the quadratic extrapolation for dilute solution of our For low concentrations (c= 0.1 -0.2) the Soret coefficient is constant, while S T decreases for higher concentrations (cf. Figure 6 ). Similar observations have been made for polystyrene in toluene. 40 A possible explanation could be that the packing of the sugar molecules reaches a threshold concentration (c * ), where the sugar-sugar interactions become more important. An estimation of c * could be done by determining the number of water molecules necessary to enclose a sugar molecule. For that, we determined the volume of the sucrose and water molecules by means of the Van der Waals increments. 41 Assuming that both molecules are spherical, the radius of the sucrose and water are R s = 3.8 Å and R w = 1.7 Å, respectively. The shell surrounding a sucrose molecule consists of 65 water molecules, which corresponds to a sucrose mass ratio of c * =0.22.
this concentration agrees with our experimental observation.
We also measured the viscosity and thermal expansion of the aqueous sucrose solutions at different concentrations and temperatures (see Table 1 ), in order to investigate whether the thermal diffusion coefficient depends linearly on the ratio α/ν. As can be seen in Figure 7 , in general, the thermal diffusion coefficient increases with the ratio of α/ν. As expected, we find the slowest diffusion for the sugar molecule with the highest molar mass and D increases with temperature (cf. Figure 8 ). On the other hand, the higher the temperature is, the higher is the difference in the mass diffusion coefficient between the different groups of oligosaccharides. The measurements at 20 • C have large uncertainties due to the proximity to the sign change temperature. This leads to a very small amplitude of the concentration plateau of the heterodyne signal, so that it is difficult to determine the diffusion constant.
The magnitude of the Soret coefficient becomes larger with increasing molecular weight. Although the stachyose has the lowest tendency to go to the warm, at high temperatures it has the highest S T because of the small mass diffusion coefficient. Braibanti et al. 25 made the same observation in different sizes of spherical polystyrene particle suspensions. At a temperature around 35
• C, the Soret coefficient is virtually independent of the size of the molecule. The temperature at which the sugar changes the tendency of going from warm to cold, or vice versa, depends on the size of the sugar molecule. For disaccharides, it is on average at around 20 • C. For trisaccharides, it is at about 24 • C and for the tetrasaccharide it is slightly higher, around 25 • C.
Conclusion
In this study the thermal diffusion properties of aqueous solutions of oligosaccharides are presented at different temperatures and sugar concentrations. The study extends a recent study of aqueous solutions of monosaccharides to longer and heavier sugar molecules. Within the range of temperatures considered, the thermal and mass diffusion coefficients are roughly constant for a fixed temperature and number of monomers, as in the case of monosaccharides. Therefore, the molecular structure of the monomers does not affect the mass diffusion.
Thermal and mass diffusion coefficients decrease with increasing size of the sugar molecule.
While the Soret coefficient at low temperatures (15-30 • C) decreases with the number of monomers (cf. Figure 3) , it remains practically constant at higher temperatures (40-50 • C) (cf. Figure 2 ).
In general, the thermal diffusion properties increase (decrease) with increasing temperature The thermal diffusion coefficient increases with the ratio of thermal expansion coefficient and kinematic viscosity for the studied aqueous sugar solutions, as in the case of monosaccharide aqueous solutions. The same behavior occurs in the sucrose/water system when the temperature is fixed and the concentration of the sugar is changed. Additionally, this behavior is linear in the same system when the concentration is fixed and the temperature is changed.
